tions. 17 Antithrombin III binds to selected forms of glycosaminoglycans found on endothelial membranes resulting in an increase in prostacyclin synthesis. This limits interactions between endothelial cells and neutrophil, reduces platelet aggregation, and decreases proinflammatory cytokine production. This effect is abolished by heparin intake. [17] [18] [19] [20] [21] Therapeutic doses of heparin 22 or antithrombin III 23 have been used clinically for more than 20 years for the prevention and treatment of disseminated intravascular coagulation and sepsis. Antithrombin III levels decrease precipitously in the early phases of severe sepsis, 3, 5, 24 and rapid depletion of antithrombin III in septic shock portends an unfavorable prognosis. 24 Numerous experimental studies in animals [25] [26] [27] and phase 2, placebo-controlled therapeutic trials of antithrombin III in patients with severe sepsis [28] [29] [30] [31] have been conducted. Some of these trials have been analyzed in a recent meta-analysis. 31 The results suggested that antithrombin III may provide significant protection from multiorgan failure and a survival benefit in the most severely ill patients with severe sepsis and/or septic shock. This phase 3 international trial of severe sepsis (the KyberSept Trial) was undertaken to determine the clinical efficacy of antithrombin III and the level of protection afforded by this endogenous human anticoagulant.
METHODS
The study was a randomized, doubleblind, placebo-controlled trial, with 211 contributing centers in 19 countries worldwide. Randomization to the active study drug antithrombin III and a placebo group was 1:1.
An independent data safety and monitoring board oversaw risks and benefits during 2 formal interim analyses; in addition, safety assessments (with a focus on bleeding events) were performed at more frequent intervals.
Patient Characteristics
Adult hospitalized men and women (Ն18 years) were admitted to the study if they gave informed consent and met the following criteria within a 6-hour period: clinical evidence of sepsis with a suspected source of infection, body temperature (rectal or core) higher than 38.5°C or lower than 35.5°C, and leukocyte count higher than 10ϫ 10 3 /µL or lower than 3.5ϫ 10 3 /µL. Additionally, 3 of the following 6 signs had to be met within the same 6-hour period: tachycardia (heart rate Ͼ100/ min); tachypnea (Ͼ24/min) or mechanical ventilation because of septic indication; hypotension with systolic blood pressure lower than 90 mm Hg despite sufficient fluid replacement or the need of vasoactive agents to maintain systolic blood pressure of 90 mm Hg or greater; thrombocytopenia with platelet counts of less than 100 ϫ 10 3 /µL; elevated lactate levels (above upper limit of normal range) or metabolic acidosis (pH Ͻ7.3 or base excess Յ −10 mmol/L) not secondary to respiratory alkalosis; oliguria with urine output of less than 20 mL per hour despite sufficient fluid replacement.
Patients presenting with any of the following criteria were not to be included into the study: advanced directive to withhold life-sustaining treatment (except cardiopulmonary resuscitation); condition other than sepsis anticipated to be fatal within 28 days; pregnancy or breastfeeding; history of hypersensitivity to study medication; treatment with other investigational drugs within the last 30 days; treatment with an antithrombin III concentrate within the last 48 hours; treatment with heparin (except subcutaneous low dose or intravenous [IV] line flushing) or coumarin derivatives; nonsteroidal anti-inflammatory drug treatment within previous 2 days; known bleeding disorder or ongoing massive surgical bleeding; platelet count of less than 30ϫ10 3 /µL; immunocompromised status; acute myocardial infarction (within previous 7 days); third-degree burns (Ն20% of total body area); incurable malignancy with documented metastases and life-expectancy of less than 3 months; hematologic neoplasia during cytostatic treatment; bone marrow aplasia; preexisting dialysis-dependent renal failure; end-stage liver disease; transplantation (postoperative state); history of stroke within the last year; severe cranial or spinal trauma within the last year; planned cranial or spinal surgery (except nontraumatic lumbar puncture) within the next 48 hours.
Study Medication
Patients were randomly assigned to receive 30 000 IU antithrombin III (Aventis Behring, Marburg, Germany) with a loading dose of 6000 IU (given over 30 minutes), followed by a continuous IV infusion of 6000 IU per day for 4 days, or an equivalent volume of placebo solution (1% of human albumin).
Randomization plans had been prepared in advance with a block size of 4 patients. When a patient qualified for enrollment, investigators called the randomization center (available on a 24hour basis) and were told the medication package number to be used. Packages for individual patients consisted of vials and labels identical in appearance for antithrombin III and placebo.
Unfractionated or low molecular weight heparin for venous thrombosis prophylaxis (Յ10 000 IU subcutaneous per day), and heparin flushes for vascular catheter patency (IV of Յ2 IU per kilogram of body weight per hour) were allowed.
Study Variables
The primary efficacy outcome was defined as 28-day all-cause mortality in the primary efficacy population, consisting of all patients randomized who had received any portion of study drugs and whose survival status after 28 days was known. Secondary efficacy criteria were survival time, length of intensive care unit stay, and occurrence of new organ dysfunction (according to Logistic Organ Dysfunction score 32 ) within 7 days. The severity of sepsis was assessed via the Simplified Acute Physiology Score version II 33 (SAPS II). Circulatory shock was assumed if the shock index (ie, the ratio of heart rate [beats per minute] and systolic blood pressure [millimeters of mercury]) exceeded the value of 1.5. Sur-gical interventions and bleeding events were recorded for 28 days. Bleeding was classified as major if it was intracranial or required a transfusion of at least 3 units of blood. Other serious adverse events were recorded for 14 days. Antithrombin III plasma concentrations (functional) at baseline and after 24 hours were assessed by a central laboratory (Medinet, Breda, the Netherlands). The activated partial thromboplastin time and prothrombin time values were assessed at baseline and 3 times daily for days 1 through 5 and on day 7.
Subpopulations of special interest, as mentioned in the protocol for secondary analyses, were patients treated according to protocol, severity of sepsis (moderate, high, or very high risk), patients with baseline antithrombin III below 60%, and use of concomitant heparin.
Statistical Methods
The initial sample size of 2000 patients was based on an assumed placebo mortality of 45%, a relative risk reduction of 15% with antithrombin III (toward a mortality of 38%, which was considered a clinically relevant difference), and a power of 85%, as derived from the Casagrande formula. 37 A reassessment of sample size 38 was foreseen in the study protocol after enrollment of 500 patients, to maintain power above 85%, and resulted in the final target sample size of 2300 patients.
The difference in 28-day all-cause mortality between antithrombin III and placebo treatment for the primary efficacy population was assessed by a stratified Mantel-Haenszel test with continuity correction 34 accepting an adjusted overall 2-sided type I error of 5% (␣=.05). Three strata were defined in a protocol amendment according to predicted mortality 35 from baseline SAPS II (moderate risk, Ͻ30%; high risk, 30%-60%; very high risk, Ͼ60%). Two interim analyses took place after recruitment of 33% (␣=.0005) and 67% (␣ =.014) of the target sample size; the nominal ␣ level for the final analysis was .045, corresponding to the O'Brien/Fleming scheme. 36 The comparability of patients at baseline was assessed by clinical and labo-ratory parameters. The 28-day mortality and adverse outcomes (eg, bleeding) were also expressed as relative risks of antithrombin III vs placebo treatment, together with asymptotic 95% confidence intervals. 34 A per protocol population (FIGURE 1) and various subgroups of the primary efficacy population were also defined. These included baseline antithrombin III levels, microbial type of infection, heparin exposure, sex, age, SAPS II stratum, ethnic group (a priori-defined subgroups), shock at baseline, and surgical status (defined post-hoc). A multifactorial logistic regression analysis was performed to test simultaneously sets of predefined possible prognostic variables for their impact on the 28-day survival status; depending on their additional contribution to prognosis of survival, the variables were entered into (PϽ.10) or removed from the model by a forward selection technique 39 ; within this analysis all subgroup variables were tested for an interaction with the treatment group. The predefined subgroup of patients who received or did not receive heparin was made slightly more precise during analysis so that "no concomitant heparin" was taken as "no overlap of heparin and study medication during day 1-4." Any further analyses and subpopulations (eg, elderly patients, male or female patients, or patients with shock at baseline), including length of intensive care unit stay (Kaplan-Meier curves) were of descriptive and exploratory nature.
RESULTS

Characteristics of the Study Population
Details of study conduct, randomization, and resulting populations are given in Figure 1 . The primary efficacy population consisted of 2314 adult patients randomly assigned in equal numbers of 1157 to the antithrombin III treatment group and to the placebo group. Patients were well matched at study entry for age, sex, SAPS II score, body weight, and race (TABLE 1). The most common underlying diseases in patients were the respiratory system (35%), followed by intra-abdominal in- fections (28%), genitourinary tract infections (8%), and miscellaneous sites of infection (31%). A total of 810 patients (35%) had positive blood cultures at the time of study enrollment. These were gram-positive bacterial pathogens in 45% of positive blood isolates; gram-negative pathogens in 46%; fungal pathogens in 4%; and polymicrobal, parasites, or viruses in 5% of positive blood cultures. The antithrombin III and placebo groups were well matched with respect to source of in-fection, frequency of bacteremia, and type of infecting microorganism(s).
Antithrombin III Levels in Treatment Groups
Baseline antithrombin III levels were below 60% of normal functional levels in more than 50% of patients randomized to either the antithrombin III or the placebo group. These levels were unchanged after 24 hours of treatment in those patients in the placebo group. In contrast, the patients randomized to the antithrombin III group had their mean antithrombin III levels elevated by 115% on average to approximately 180% of normal circulating blood levels (FIGURE 2).
Efficacy of Antithrombin III in the Study Population
The SAPS II score-originally created as a predictor for hospital mortality-was a strong predictor of outcome yet overestimated observed 28-day all-cause mortality in each risk stratum (TABLE 2). The antithrombin III group's mortality rate did not significantly differ from the placebo group in any SAPS II risk stratum or in the overall study population (38.9% for antithrombin III group vs 38.7% for placebo group; P = .94). The Kaplan-Meier plot of survival function over the 90-day study period is given for both the antithrombin III group and placebo group in FIGURE 3. No significant differences were observed between the 2 treatment groups at any period over the course of the study. However, a trend toward a reduction in 90-day mortality in the antithrombin III group was seen in the high-risk SAPS II stratum (predicted mortality 30%-60%; P=.07 with Fisher exact test). An analysis of prespecified subgroups and the relative survival benefit between the antithrombin III and placebo groups after 28 days from study entry (with corresponding 95% confidence intervals) is depicted in FIGURE 4A. No subgroup outcome differed significantly between antithrombin III treatment and placebo (PϾ.05). A comparison between treatment groups of incidence of new organ dysfunction as described in the Logistic Organ Dysfunction score is presented in TABLE 3. New cardiovascular dysfunction within 7 days of study entry was significantly more likely to occur in the antithrombin III group than in the placebo group in the primary efficacy population. One possible explanation for this finding is an association with bleeding events: 24.7% of patients with new cardiovascular dysfunction had a hemorrhage (34.5% for antithrombin III and 11.9% for placebo) compared with 11.3% of patients without this dysfunction (14.9% for antithrombin III and 8.1% for placebo); and most patients with new cardiovascular dysfunction had hypotension (18.8% for antithrombin III and 13.2% for placebo) or tachycardia (10.8% for antithrombin III and 9.0% for placebo).
This difference favoring the placebo group is no longer significant when the patient population without protocol violations and with full study drug administration is analyzed (per protocol population). In the per protocol popu- 
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lation there is also a trend toward less severe renal and pulmonary dysfunction in the antithrombin III group compared with the placebo group. Among survivors, time spent in the intensive care unit did not differ between treatment groups at any point (FIGURE 5).
Heparin Interactions With Antithrombin III
Among the predefined subgroups, an important treatment interaction between antithrombin III and heparin use was noted. Patients who received any heparin (n=1616) at any time dur-ing the initial 4-day administration of the study drug did not respond to antithrombin III as favorably as patients who did not receive heparin. This treatment interaction was observed even when relatively low doses of unfractionated or low molecular weight heparin were given for venous thrombosis prophylaxis (Յ10000 IU subcutaneous per day), and also with heparin flushes for vascular catheter patency (IV of Յ2 IU per kilogram of body weight per hour). Therapeutic doses of heparin at levels intended to provide systemic anticoagulation (Ͼ10000 units per day) were not permitted during study drug infusion. A total of 698 patients received no concomitant heparin in the first 4 days of study entry ( 3 0 % o f t h e p r i m a r y e f f i c a c y population). The 28-day mortality in patients who did not receive concomitant heparin was 37.8% of the antithrombin III group and 43.6% of the placebo group (P =.08); for patients who received concomitant heparin, the corresponding figures were 39.4% and 36.6%. Statistical evidence for the interaction between antithrombin III and heparin was provided from the multiple logistic regression analysis in which heparin exposure was the only variable with a significant (P = .02) interaction effect. Antithrombin III levels at baseline, although strongly predictive for 28-day mortality, did not interfere with the main treatment effect of antithrombin III vs placebo. The 90-day Kaplan-Meier plot of patients who did not receive concomitant heparin treatment and who were randomized to either antithrombin III (n=352) or placebo (n=346) is presented in Figure 3B . Antithrombin III resulted in a 15% absolute improvement in 90-day mortality in this subgroup of patients (n = 680; 44.9% for antithrombin III group vs 52.5% for placebo group; P = .03). An analysis of other subgroups within the population of patients who received no concomitant heparin administration is shown in Figure 4B . This analysis demonstrates that the antithrombin III treatment effect is in the same direction consistently for almost all subgroups.
Safety Analysis of High-Dose Antithrombin III Treatment
The total percentage of patients with adverse events and serious adverse events was high (46%) as expected in this critically ill population of intensive care unit patients with severe sepsis and septic shock. Except for bleeding events, these adverse events did not differ significantly in type or overall frequency between the 2 treatment groups. The hemoglobin concentrations, activated partial thromboplastin time, prothrombin time, and fibrinogen concentrations were not significantly different between the antithrombin III group or placebo group during the first 7 days of the study (data not shown).
The overall incidence of bleeding complications was significantly more common in the high-dose antithrombin III treatment group (255 events [22. 0%]) than in the placebo group (148 events [12.8%]) (PϽ.001). This difference was most marked in those patients who received concomitant heparin therapy either in low doses allowed in the protocol or in large therapeutic doses (ie, as deviations from protocol) (TABLE 4) . Intracranial bleeding was rare with 5 (0.4%) events in the placebo group and 8 (0.7%) events in the antithrombin III group (P = .58). Bleeding events were more common in both the antithrombin III and placebo groups in patients undergoing sur- 
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gery during the first 7 days of the study than in medical patients. However, the relative risk of bleeding between treatment groups did not increase in surgical patients (data not shown). Hemorrhagic episodes were not related to higher antithrombin III levels in the antithrombin III treatment group. Antithrombin III activities were comparable in patients with bleeding episodes and those without bleeding complications (FIGURE 6) . Among patients with bleeding incidents, 28-day mortality was 50.7% in the placebo group and 51.4% in the antithrombin III group. For the majority of nonbleeding patients, the corresponding figures were 36.9% in the placebo group and 35.4% in the antithrombin III group.
COMMENT
The results of the KyberSept Trial of highdose antithrombin III treatment in severe sepsis joins a long list of promising experimental agents for sepsis that failed to show a significant benefit in a multicenter, randomized phase 3 clinical trial. 40 The results of this large international trial are particularly disappointing since antithrombin III has extensive preclinical 20, 21, [25] [26] [27] and prospective phase 2 clinical evidence of efficacy in sepsis. 10, [28] [29] [30] [31] Despite a compelling series of controlled and uncontrolled clinical trials with antithrombin III in human sepsis (performed with various dosages and different heparinization regimens), 10 the use of antithrombin III in high doses in this large, carefully conducted multicenter clinical trial failed to achieve efficacy in the primary study end point of 28-day, all-cause mortality. The lower than expected frequency of reduced levels of circulating antithrombin III at study entry may have accounted for the less than expected therapeutic benefits of high-dose administration of antithrombin III. The levels of antithrombin III attained in the blood after 24 hours in recipients of antithrombin III was also lower than expected as well. It was hypothesized that a blood level of approximately 200% to 250% of normal levels would be necessary to derive maximum benefits of antithrombin III in the severely septic population. 41, 42 In a previously conducted pharmacokinetic trial with antithrombin III in patients with severe sepsis, the same dosage regimen of antithrombin III was administered and mean antithrombin III plasma levels of about 200% were achieved over 4 days of treatment. 43 In the phase 3 trial, mean measured levels of antithrombin III 24 hours after the start of treatment were approximately 180% of normal. Antithrombin III levels decrease rapidly in sepsis as a result of lowered hepatic synthesis, enhanced use, and increased degradation by elastase from activated neutrophils. 41 The continuous infusion of antithrombin III in this study may have been insufficient to keep up with excess loss in many of these severely septic patients.
Additionally, antithrombin III must bind to glycosaminoglycans on endothelial surfaces and/or to inflammatory cells like polymorphonuclear leukocytes to promote local anticoagulant activity and anti-inflammatory activities as a number of recent in vitro and in vivo experiments showed. 44, 45 It has been demonstrated that heparin competitively inhibits the binding of antithrombin III to other glycosaminoglycans. 41 This finding is consistent with the observation that the subgroup without heparin benefits from the highdose antithrombin III therapy. An ar-bitrary level of antithrombin III was given (total of 30000 IU) to each patient randomized to the antithrombin III group and it is unclear if this provided optimal antithrombin III levels in each patient with sepsis.
An independent data and safety monitoring board analyzed the frequency of hemorrhagic events throughout the study. While it was observed that the bleeding episodes were more common in the antithrombin III group, the absence of excess deaths attributable to hemorrhage between the 2 treatment groups and the lack of fulfillment of the priori stopping rules allowed the study to continue to completion. Excess of ‡Heart rate of less than 30/min or greater than 139/min or systolic blood pressure of less than 90 mm Hg or greater than 239 mm Hg. §Serum urea of 0.36 g/L (6 mmol/L) or higher; blood urea nitrogen level of 17 mg/dL (6 mmol/L) or higher; serum creatinine of 1.2 mg/dL (106 mmol/L) or higher; or urine output of less than 0.75 L/d or 10 L/d or higher. Mechanically ventilated, under continuous positive airway pressure or under inspiratory postive airway pressure. ¶White blood cell count of less than 2.5 ϫ 10 3 /µL or 50 ϫ 10 3 /µL or platelet count of less than 50 ϫ 10 3 /µL. #Bilirubin level of 2.0 mg/dL (34.2 µmol/L) or higher or prothrombin time of less than 25% (Quick test) or greater than 3 multiplied by prothrombin time of standard plasma (seconds) or prothrombin time (international normalized ratio) of greater than 3 on the International Sensitivity Index. 
Conclusion
The results of this study indicate that high-dose administration of antithrombin III in combination with heparin in this setting of a severely septic patient population offers no mortality advantage over standard care for sepsis. However, in the predefined subgroup of patients not receiving concomitant heparin, there is a trend toward reduced 28-day and 90-day mortality with antithrombin III, based on the following, generally accepted criteria: subgroups were few in number, defined a priori, and the hep-arin interaction has a biological rationale (antithrombin III is a cofactor of heparin). The possible survival benefit of antithrombin III in this specific subgroup of patients with severe sepsis may be worthy of further investigation. However, hemorrhagic complications were more likely even when low doses of heparin were administered in this patient population in combination with high-dose antithrombin III. This clinically important safety concern must be considered when using high-dose antithrombin concentrates. Furthermore, the effect of selectively applied heparin on 28-day mortality cannot be reliably interpreted since heparin was not a randomized study factor. With regard to safety, the treat-ment interaction with heparin was expected but the magnitude of adverse events attributable to interactions between heparin and antithrombin III was not expected. During 2 interim analyses, the risk benefit assessment of the data safety and monitoring board did not lead to recommendations for the further conduct of the study.
It is notable that potential differences in outcome were most apparent after long-term follow-up (90 days after study entry). This finding suggests that prolonged follow-up may be worthwhile in future sepsis studies rather than the standard mortality end point of 28 days after study entry. Another phase 3 sepsis trial with a similar anticoagulant strategy (recombinant human activated protein C) resulted in a statistically significant survival benefit. 46 The explanation(s) for the disparity in outcome between antithrombin III and recombinant human activated protein C trials are not entirely clear at this time but may relate to trial design issues, dosing, differences in anti-inflammatory properties, and differential effects of concomitant heparin administration. This topic will be the focus of a separate article with a detailed analysis of similarities and differences between antithrombin III and recombinant human activated protein C and the design of these 2 clinical trials. 
